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I. Introduction 
•  Colloids are present in all kinds of applications: 
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aggregates of par t icles, observed using opt ica l microscopy,
for the dr ied sta te. A small volume of either cyclohexane
or toluene was added to th is sur face, and it was re-
examined after 24 h of contact . It can be seen tha t the
par t icles remain solidlike with minimal swelling for
cyclohexane (1b) but “disappear”leaving a cont inuous film
on the subst ra te in the case of toluene (1c). This difference
in emulsifier type (par t icle versus free polymer) has
impor tan t consequences on the proper t ies of emulsions
stabilized by them.We also ver ified tha t no change occurs
to the hydrophobic su lfa te la tex par t icles (diameter ) 2.7
µm) in the presence of cyclohexane (1d and e), but a similar
dissolu t ion of the par t icles in toluene occurs as before
(1f).
For cyclohexane as oil and using so-ca lled hydrophilic
a ldehyde/sulfa te par t icles, prefer red emulsions, i.e., those
prepared a t a volume fract ion of water φw equa l to 0.5,
have been prepared from aqueous phases conta in ing 2 wt
% of par t icles. The conduct ivity and type are given in
Figure 2 where it can be seen tha t emulsions are w/o for
a ll par t icle sizes chosen and a t a ll sa lt concent ra t ions
(between 10-3 and 1M). Clearly contact with this oil results
in them stabilizing water drops and hence behaving
reasonably hydrophobic. It is therefore not possible to effect
emulsion phase inversion from o/w to w/o by adding sa lt
with these part icles. Despite this, a ll emulsions were stable
to coa lescence for over 6 months but sedimented leaving
a clear oil phase above the emulsion . The stability to
sedimenta t ion increased with sa lt concent ra t ion as the
in it ia l aqueous la tex dispersion became floccula ted (>0.1
M NaCl). In such cases, gent le inversion of vessels con-
ta in ing equa l volumes of milky aqueous la tex and clear
oil resu lted in the clear ing of the aqueous phase and the
oil phase becoming turbid as par t icles t ransfer from water
to oil. An opt ica l microscope image of a single, rela t ively
la rge water drop from this system is shown in Figure 3,
upper . The par t icles are clear ly visible adsorbed over the
ent ire sur face, with the occasiona l la rger par t icle a lso
being present . The lower picture represen ts a magnified
por t ion of the same drop sur face (taken from near the
center ). Although there are regions of hexagonally close-
packed par t icles, e.g., bot tom left , there are a lso regions
where th is order ing is disturbed and small gaps appear
between part icle arrays, e.g., center r ight . This nonuniform
packing around a curved in ter face is in cont rast to
hexagonal packing over large distances for planar mono-
layers.8
In cont rast to the above, in the presence of toluene these
par t icles dissolve giving r ise to polymer cha ins of var ious
overa ll lengths. If such polymers adsorb a t the oil-water
in ter face, one can also expect a different mode of emulsion
stabiliza t ion compared with solid par t icles. In addit ion to
changing the mechanica l bar r ier a ffect ing coa lescence
stability, the polymer-stabilized in ter faces may have
differen t in ter facia l tensions than those coa ted with
par t icles. If we assume tha t each polymer cha in possesses
a charged sulfa te group a t both ends, we can est imate the
number average molecula r weight (Mh n) of the polymer
from a knowledge of the par t icle diameter and the number
of su lfa te groups per unit a rea of par t icle sur face. The
ca lcu la t ions yield va lues of around 60 000 and 113 000 g
mol-1 for par t icles of diameter 0.81 and 2.7 µm, respec-
t ively. GPC yields exper imenta l va lues for Mh n of 97 500
and 122 500 g mol-1, respect ively, va lues which are
sufficien t ly close to confirm tha t polymer cha ins possess
charged groups a t both ends and tha t the average cha in
length increases with in it ia l par t icle size. The effect of
salt concentrat ion on the conduct ivity and type of preferred
emulsions with toluene has been invest iga ted sta r t ing
with 1 wt % of par t icles in the aqueous phase. F igure 4
revea ls new fea tures in these systems. For the smallest
par t icles (0.029 and 0.16 µm diameter ), emulsions are of
low conduct ivity and disperse in oil a t a ll sa lt concent ra-
Figure 2. Conduct ivity and type of water-cyclohexane emul-
sions (φw ) 0.5) stabilized by 2 wt % hydrophilic la tex par t icles
in water as a funct ion of sa lt concent ra t ion . Par t icle diameters
(in µm) are (×) 0.029, (0) 0.16, (2) 0.52, (O) 1.1, (9) 3.2, and (b)
6.1.
Figure 3. (upper ) Opt ica l microscope image of a single water -
in-cyclohexane emulsion drop coa ted with 3.2 µm diameter
hydrophilic la tex par t icles (φw ) 0.6, 1 wt % in water ). Sca le
bar ) 50 µm. (lower) Enlarged por t ion of the water drop sur -
face showing packing of individua l la tex par t icles. Sca le bar )
15 µm.
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Pickering Emulsions Stabilized by 
Monodisperse Latex Particles:  
Effects of Particle Size. Langmuir 
2001, 17, 4540–4547.  
tion (XRD) (Figure 2a). Particle sizes estimated from the
images (Figure 1) and measured by laser diffraction (Figure
2b) are also in agreement, showing that the overall dispersion
is homogeneous. Note that the mean particle size can be
tuned within the range of 100-1000 nm by simply varying
the composition prior to the heat-cycling.21 Once prepared,
the particle properties do not change noticeably over periods
of several months.
Until recently only uMGs have been known to possess
the aqueous phase behavior suitable for the formation of
bicontinous cubic nanoparticles. Our previous study has
shown that 3,7,11,15-tetramethyl-1,2,3-hexadecane-triol, which
is widely used as active ingredient for the cosmetics industry
and commonly known as phytantriol (PtOH), exhibit an
aqueous phase behavior similar to uMGs.22 It forms QII phase
in excess solution, the main criterion for preparing the
corresponding nanoparticle structures. We have discovered
that the phytantriol-based cubic phase can be effectively
dispersed into stable and reproducible nanoparticles by use
of small amounts of D-alpha-tocopheryl poly(ethylene glycol)
1000 succinate (Vitamin E TPGS) (Figure 3). Compared to
uMGs, PtOH is more chemically stable, which can be an
important advantage in some applications such as cosmetics.
To facilitate the preparation of other nonlamellar particle
structures the study was extended to systems predicted
suitable for forming the other mesophase structures of
interest, i.e., “sponge” (L3) and reversed hexagonal (HII)
structures. To enable the effective fragmentation and at the
same time the tuning of the internal structure, it was
necessary to work with multicomponent mixtures. A lipid
combination that was found to have particularly suitable
properties and aqueous phase behavior was glycerol dioleate
(GDO)/diglycerol monooleate (DGMO). At equal weight
Figure 1. Representative cryo-TEM micrographs of different nonlamellar lipid nanoparticles. Panels a, b, c and d: Reversed bicontinuous
cubic phase particles viewed along [001] (a and b) and [111] (c and d) directions. The dispersion was prepared at the weight ratio GMO/
F127/water ) 1.88/0.12/98.0. Panels e and f: Monodisperse “sponge” phase nanoparticles prepared at the weight ratio DGMO/GDO/P80/
water ) 2.13/2.13/0.74/95.0. Panels g and h: Reversed hexagonal monocrystalline particles made of lipids at the weight ratio DGMO/
GDO/F127/water ) 2.25/2.25/0.5/95.0. Fourier transforms of magnified areas in panels b, d, f, and h show the structural periodicity of the
different nanoparticles consistent with the mesophase structures indicated above.
Figure 2. Representative powder XRD patterns and particle-size
distributions of cubic (panels a and b), “sponge” (panels c and d)
and reversed hexagonal phase (panels e and f) nanoparticles.
Polydispersity index (PI) is expressed as the ratio between the
standard deviation of the distribution and the mean value. The lipid
compositions of the respective samples were as in Figure 1.
1616 Nano Lett., Vol. 5, No. 8, 2005
From: Barauskas, J.; Johnsson, M.; Tiberg, F. Self-Assembled Lipid Super-
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Applications of particle-interface systems 
2 
•  Ellipsoidal particles show great promise in: stabilizing fluid 
interfaces, drug delivery, membrane transduction, ... 
ellipsoids in the monolayer, which is not random. Some degree of
translational order could be found in the form of ellipsoids
stacked in a side-side configuration. A few ellipsoidal particles
appear with a circular cross section which represent ellipsoids
that are flipped upright, as has only been observed in dense
planar monolayers, under compressional stress.18 Again the
limited coalescence can explain the observation as it will lead to
a reduction of available surface area per volume as time goes on
and hence also leads to an—albeit potentially complicated—
compression of the particles at the interface which seems to
induce ‘flippers’. If the number of particles in an upright
configuration could be increased, porcupine droplets could be
envisaged. Especially at high aspect ratios, flipped particles could
provide mechanical stability by steric stabilization or lead to
bridging of droplets at a distance, thereby also preventing coa-
lescence.
The structure of the monolayer around the droplets coated
with small polystyrene and hematite nanoparticles can not be
visualized with optical microscopy, hence cryo-SEM is used. The
micrographs of water droplets coated with polystyrene ellipsoids
are shown in Fig. 9. In Fig. 9(a), a single water droplet of about
30 micrometre diameter, covered by a monolayer of ellipsoids, is
shown. A higher magnification image of this water droplet shows
that packing of ellipsoids in the monolayer is again not
completely random (Fig. 9(b)) and a limited number of out-of-
plane flipped particles can be observed. For the in-plane struc-
tures, a translational order in the form of ellipsoids stacked in
a side-side configuration could be found. The cryo-SEM images
of oil-in-water type emulsions also shows oil droplets densely
covered with particles but they will not be reported here as the
Fig. 8 Optical microscopy images of (a) oil-in-water droplets stabilized
by spindle-like goethite particles (at 5!magnification) (b) inverse, water-
in-oil droplets stabilized by ellipsoidal polystyrene particles prepared
from 320 nm spheres (at 5! magnification) (c) inverse, water-in-oil
emulsions stabilized by ellipsoidal polystyrene particles prepared from
3000 nm spheres (at 5! magnification) (d) same as (c) but at 50!
magnification revealing the particle packing.
Fig. 7 Microscopy image of emulsion droplets obtained by mixing suspension of hematite ellipsoids (AR¼ 4.6# 0.9) of (a) 1%, (b) 5% and (c) 10% by
weight particle concentration with decane, subsequently spread onto a water–air interface.
Fig. 9 (a) Cryo-SEM image of a water droplet covered with polystyrene
ellipsoids of 4.3 # 0.6 aspect ratio. (b) Detail of the packing.
1724 | Soft Matter, 2009, 5, 1717–1727 This journal is ª The Royal Society of Chemistry 2009
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Fransaer, J.; Vermant, J. Exploiting Particle 
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Matter 2009, 5, 1717–1727. 
nano-biomaterials (11); and silicon microfabricated particles
with an hemispherical shape have been produced by Cohen
et al. (12). On the other side, Nature provides a variety of bi-
ological corpuscles with shapes substantially different from
spherical, as virus particles (virions), which are commonly
internalized through the receptor-mediated endocytosis path-
way. In particular, an enveloped virus is composed of an ex-
ternalmembrane, usually studdedwith proteins, containing the
capsid with the virus genome. The International Committee on
Taxonomy of Viruses has introduced a characteristic list for
enveloped virus based on the virion shape identifying several
different classes as filamentous, rod-shaped, bullet-shaped,
ovoid, ellipsoid brick- and drop-shaped, and pleomorphic. It is
not clear why viruses have developed such a large number of
diverse shapes, but recently more attention is being given to
possible correlations between the shape and molecular struc-
ture of virions and their infectivity and pathogenicity (13).
The objective of this study is to develop a model for
analyzing the effect of particle shape and size on receptor-
mediated endocytosis.
FORMULATION
A cylindrical particle is considered to interact with a cell
membrane through specific ligand-receptor bonds (Fig. 1). The
surface of the particle is decorated with a fixed density ml of
ligand molecules, whereas counter-molecules (receptors) are
expressed over the cell membrane with a density mr. The cell
receptors are free to diffuse over the membrane with a mobility
M, andmr can change locallywith timeunder proper stimuli.At
time t ¼ 0, the particle is in close proximity to the cell mem-
brane so to nucleate a finite adhesive area and the density of the
receptor molecules in the nonadhesive area is assumed to be
equal to m0r ; smaller than ml. The surface density of the cell
receptors within the adhesive area is fixed and equal to the
density of the ligands decorating the particle ml. As a conse-
quence, the molecular bond surface density mb is equal to ml.
The initially nucleated area can grow or recede over time
depending on the biophysical and geometrical properties of the
cell-particle system. A positive driving force for the growth of
the adhesion area is given by the formation of new ligand-
receptor bonds at the adhesive edge, whereas negative driving
forces are associated with the deformation of the cell mem-
brane and cytoskeleton complex required to make the cell
conform to the particle surface, and the recruitment of receptor
molecules at the adhesive front throughmembrane diffusion to
provide fresh new receptors for molecular binding.
In the sequel, the Freund and Lin (14) formulation is re-
called and readapted to analyze cell wrapping around a cy-
lindrical particle with a sufficiently arbitrary cross section
described by the function y(x) within the xy plane. The local
curvature of the particle is given by
kðxÞ ¼ y$ðxÞ= 11 y9ðxÞ2! "3=2: (1)
A curvilinear abscissa u(x) is defined over the particle surface
with du ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11 ½y9ðxÞ%2
p
dx, and the length of the adhesive
area Lw is given by
Lw ¼
Z xw
0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11 y9ðxÞ½ %2
q
dx; (2)
where xw is the abscissa of the adhesive edge.
The power balance during cell wrapping
At the arbitrary time t, the length of the adhesive area is assumed
to be a(t); and the surface density of the receptor molecules in
the nonadhesive area is in general mr(x;t), different from m0r :
Starting from this configuration, it is assumed that the adhesive
area increases by da within the time dt, being da sufficiently
small to assume locally a fixed curvature equal to k(a), and a
fixed receptor density equal to mr(a
1;t). The small increment
da is associated with a free energy variation dF obtained by
summing up the contribution of the molecular bond formation
(positive driving force), the bending of the membrane-cyto-
skeleton complex within the adhesive region (a, a1 da) where
the curvature is k(a), and the recruitment of new receptors
through surface diffusion toward the adhesive front.
The chemical potential mr of a free receptor over the cell
membrane is written as in Hill (15),
FIGURE 1 A nonspherical particle sitting on a cell mem-
brane during the internalization process.
Endocytosis of Nonspherical Particles 3791
Biophysical Journal 94(10) 3790–3797
From: Decuzzi, P.; 
Ferrari, M. The 
Receptor-Mediated 
Endocytosis of 
No spherical 
Particles. Biophysical 
Journal 2008, 94, 
3790–3797. 
From: Decuzzi, P.; Pasqualini, R.; Arap, W.; Ferrari, M. Intravascular 
Delivery of Particulate Systems: Does Geometry Really Matter? 
Pharm Res 2008, 26, 235–243. 
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•  Success of interface stabilization and adsorption behavior 
greatly depends on the particle’s wetting characteristics 
à  accurate knowledge of the wetting behavior is needed, 
both for spherical as for non-spherical particles  
Aim 
1)  Calculating accurately the three-phase contact angle for 
prolate ellipsoidal particles at a liquid-liquid interface 
 
2)  Examine the behavior of this contact angle as a function 
of the aspect ratio or contact line length: does the particle 
shape matter? 
 
4 
!!!!!! !!!!
!"#$!!!%&'()! *! *! *! *!
oil 
 
 
 
water 
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•  Particle contact angle is determined by minimization of 
total free energy F of the particle-interface system: 
!F = F "F0
!F(!h) = !12 S1 " S( )cos! " S12#$ %&+"L
! i =
!F
!Si
"
#
$
%
&
'
" =
!F
!L
"
#
$
%
&
'
cos# = !1 (!2
!12
F0 : free energy of unadsorbed state (particle in bulk of liquid 1)  
 
 
 
γi : surface tension between particle surface and fluid phase i 
Si : particle surface area exposed to fluid phase i 
 
τ : line tension 
L : contact line length 
 
 
(Young’s equation) 
Δh : particle immersion depth into phase 1 
S : particle surface area 
S12 : particle cross section at the interface 
à  Minimization with respect to Δh will lead to a generalized 
Young-Laplace equation determining the particle’s equilibrium 
position, making it possible to predict its wetting behavior 
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•  Previous work mainly focused on theoretical calculations: 
(1) From: Lehle, H.; Noruzifar, E.; Oettel, M. Ellipsoidal 
Particles at Fluid Interfaces. Eur. Phys. J. E 2008, 26, 
151–160. 
perpendicular to the direction of curvature, depending on whether
it is curved up or down. Moreover, if the particle shape is changed
from being a cylinder to an oblong with rounded tips its preferred
orientation along its long axis is reversed. Further investigation of
interaction forces between particles has been carried out by Danov
et al. [10] to investigate the aggregation of particles at a fluid inter-
face. Equations were developed to describe the theoretical shape of
the capillary multi-poles surrounding a particle with an undulating
contact line on its surface. Capillary multi-poles of different modes
can then be used to investigate the capillary forces between parti-
cles. This work has recently been developed further by Danov and
Kralchevsky [11] to obtain expressions that are applicable over a
wider range of length scales than in [10]. Simulations by Morris
et al. [12] showed that the contact angle of a cubic particle affects
its preferred orientation at an interface, which can reduce the film
stability by as much as 70%. Clearly the particle shape has a large
effect on its orientation and behaviour at an interface, and affects
the film stability itself.
One modelling technique to study these effects is to construct a
model of a particle at an interface and use an iterative energy min-
imisation technique to find the minimum energy surface of the
interface surrounding the particle attached to it using, for example,
the Surface Evolver software [13]. This paper presents a model that
allows a wide range of particle shapes to be described using a sin-
gle equation, and a linked method for defining their orientation at
an interface. Although this will be described in the context of Sur-
face Evolver, the model and method is of general applicability.
2. Computational methodology
Surface Evolver [13] is a computational program used to study
the topology of surfaces governed by a set of user-defined energies.
Whilst surface tension and gravity are pre-defined, it is also possi-
ble to specify additional user-defined energies and to set physical
constraints on the position of the surfaces and their boundaries.
Surface Evolver uses a gradient descent method to evolve the ini-
tially defined surfaces towards their minimum energy.
Each surface consists of a number of triangular facets, each of
which is composed of three edges and three vertices. Particle
shapes can be defined either as a single surface or as a series of sur-
faces with the vertices on each face of the particle set to a specific
constraint. For a single surface such as a sphere of radius r, de-
scribed by x2 + y2 + z2 = r2, the coordinates of all vertices on the sur-
face must satisfy this one constraint. Alternatively, the particle
shape can be described as a series of surfaces with the vertices
on each face of the particle set to a different constraint, for example
a cylinder with x2 + y2 = r2, z = !r, z = r for the column and the two
ends respectively (Fig. 1).
It is clear that to study a large number of particle shapes, this
approach is inconvenient, as each particle requires a different set
of constraints to define it, which increases the complexity of the
model. Ideally, all particle shapes would be defined by a single con-
straint, defining a single surface which can represent various
shapes by altering its constants. A superquadric equation can be
used to create such a constraint.
2.1. Particle shape
By using a superquadric equation to define the surface of the
particle it is possible to generate many different shapes. A super-
quadric equation is capable of describing a parametric shape as a
continuous surface in either 2D or 3D (Zhou [14]). Eq. (1) shows
the basic superquadric equation in 3D.
x
s1rpart
!!!! !!!!e1 þ ys2rpart
!!!! !!!!e2 þ zs3rpart
!!!! !!!!e3 ¼ 1 ð1Þ
In Eq. (1), x, y and z are the coordinates of any point on the par-
ticle surface (for example the vertices of the particle in the Surface
Evolver model). The squareness parameter ei (where i = 1, 2 or 3)
controls the shape of the superquadric, while the values of si
change the ratio of the length, width and height of the particle. Fi-
nally, rpart defines the particle size.
For example, if s1 = s2 = s3 = 1 and e1 = e2 = e3 = 2, Eq. (1) repre-
sents a sphere of radius rpart. If e1 = e2 = e3 = 20 is used instead,
the particle described is a cube with slightly rounded edges, and
an edge length of 2rpart. Increasing ei above 20 causes edges of
the cube to become sharper. If e1 = e2 = e3 = 1 the particle shape is
an octahedron. It is also possible to alter the particle aspect ratio
and size by changing the values of s1, s2 and s3. An increase in
any one of the si results in a lengthening of the particle along axis
i. Fig. 2 shows a selection of the particle shapes that can be gener-
ated by changing these values. Varying rpart will, of course, increase
or decrease the particles overall size.
The superquadric constraint defines the particle as a single con-
tinuous surface, whilst this allows a great number of particle
shapes to be easily created, care must be taken when simulating
particles with sharp edges. When the contact line passes over a
sharp edge, like that found on an orthorhombic crystal particle
for example, its contact angle can no longer be defined. Whilst
the true contact angle remains constant, it appears trapped at
the edge and its apparent value changes (Rusanov and Prokhorov
[15]). As edges and corners are treated as a continuous surface with
a definite curvature, care must be taken when simulating particles
with hard edges. It is, however, possible to create edges with very
small radii of curvature by using large values of ei (ei > 200) if re-
quired which can be used to approximate the sharp edges found
in certain particle shapes.
As the particle surface and shape is defined by the constraint,
the same, simple initial particle surface can be used to create the
x
2+y2=r2
x
2+y2+z2=r2
z=-r
z=r
Fig. 1. Equations used to define a cylinder and a sphere.
1
2
3
A B C D
Fig. 2. Examples of varying si and ei. Column (A) e1,2,3 = 2, (B) e1,2 = 2, e3 = 20, (C)
e1,2,3 = 20, (D) e1,2,3 = 1.25. Rows (1) s1,2,3 = 1, (2) s1 = 2, s2,3 = 1, (3) s1,2 = 2, s3 = 1.
G. Morris et al. / Journal of Colloid and Interface Science 354 (2011) 380–385 381
pressure energy i set to 0 a d can be discounted as a contributing
factor to the e ergy of th model. Therefore the energy calculated
is the sum of surfac energies, or the Gibbs energy. By finding the
Gibbs energy of the model for a range of values of /N1, /N2 and /N3
it is possible to build up an energy landscape from all of the parti-
cle orientations simulated at that contact angle and identify the lo-
cal energy minima which represent stable orientations at the
interface. For the cases discussed, the angles used are /N1 and
/N2, which correspond to two orthogonal faces on a cubic particle
with normals at 90! to the Z-axis when a = b = c = 0!. When the en-
ergy obtained from the evolved models is plotted against the c r-
responding values of /N1 and /N2 an energy landscape (Fig. 7) is
created, which allows the identification of local minima, represent-
ing energetically stable orientations.
4. Results
If it is assumed that the sharp corners and edges found in ortho-
rhombic particles are, at some small scale, a continuous curved
surface, then these particle shapes can be approximated using very
high values of ei. An ei of 20 was used to form the orthorhombic
particles for the energy surfaces presented in this section, which
corresponds to an orthorhombic particle with slightly rounded
edges (Fig. 7). Fig. 6 shows the mesh and particle shape obtained
when ei is set to 200, where a very small radius of curvature results
in very sharp particle edges.X
Y
Z
N2
N1
øN1 øN2
N3
X
Y
N2
N1 øN2
øN1
N3
øN3
Z
Fig. 5. Showing the angles /N1, /N2 and /N3, made by the facet n rmals (N1, N2 and
N3) and the Z-axis. Particle shown with normals aligned with t X, Y and Z axis
(left) and at an arbitrary orientation to them (right) to highlight the change in /N1,
/N2 and /N3 with orientation.
(3)
(1) and (2)
3
12
øN1 øN2
En
er
gy
Fig. 7. The energy surface produced for a particle with e1,2,3 = 20, s2 = 1.1, s1 = s3 = 1.3, h = 45!, particle shown below the energy surface. Energies have been normalised
relative to the minimum and maximum values. Meshes of orientations (1), (2) and (3) are shown on the right but for s2 = 1.1, s1 = s3 = 1.7 to highlight the difference in
orientations.
Fig. 6. Surface Evolver mesh for a particle with values of s1 = s2 = s3 = 1, and e1 = e2 = e3 = 200.
øN2 
3 
2
ø
1
N2
En
er
gy
Fig. 8. Full energy surface for all orientations produced for a particle with e1,2,3 = 20,
s2 = 1.1, s1 = s3 = 1.3, h = 45!. Energies have been normalised relative to the
minimum and maximum values. Obtained by mirroring the surface in Fig. 7
through the lines /N1 = 90!, /N2 = 90! and 180–/N2 = /N1.
G. Morris et al. / Journal of Colloid and Interface Science 354 (2011) 380–385 383
(2) From: Morris, G.; Neethling, S. J.; Cilliers, J. J. A Model for Investigating the Behaviour 
of Non-Spherical Particles at Interfaces. J. Colloid Interface Sci. 2011, 354, 380–385. 
(1) 
(2) 
•  Experimental methods for determining contact angles 
o  Gel-trapping + SEM  
o  Gel-trapping + AFM  
o  Interferometry 
o  Freeze-fracture shadow-casting      
cryo-SEM 
From: Arnaudov, L. N.; Cayre, O. J.; Stuart, M. A. C.; Stoyanov, S. D.; 
Paunov, V. N. Measuring the Three-Phase Contact Angle of Nanoparticles 
at Fluid Interfaces. Phys. Chem. Chem. Phys. 2010, 12, 328-331.) 
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interface deformation around an ellipsoidal particle, and it is
clear that the interface is an undulated ellipse rather than a
regular ellipse. The interface deformation, and hence the
capillary forces, depends on the particle aspect ratio and the
three phase contact angle. Recent studies have shown that
the magnitude of interface deformation (maximum meniscus
height difference due to the presence of a particle at the inter-
face), and hence the strength of capillary attraction, increases
with increasing aspect ratio.36 These shape induced attractive
capillary forces drive the particles towards each other, even
when the particles are charged and are several micrometers
apart.
Unlike charged spheres, charged ellipsoids when deposited
at water–oil and water–air interface spontaneously self-
assemble into linear chains and dense aggregates as shown in
Fig. 4(b) and (c), respectively. At relatively low particle concen-
tration, the monolayer consist of mainly linear chains con-
taining ellipsoids attached tip-to-tip and a few individual
ellipsoids as shown in Fig. 4(b). At sufficiently high particle
concentration, a percolated network of ellipsoids containing
mostly linear chains is observed.38 These dense aggregates seen
in Fig. 4(c) predominantly have a backbone of three ellipsoids
attached tip-to-tip in the form of a triangle, which persist even
aer a high degree of compression.38 The estimation of
compressional and shear modulus of monolayer containing
such an aggregated network of ellipsoids measured by a
systematic compression of these monolayer in a Langmuir
trough210 and by surface rheological measurements provides a
quantitative measure of their mechanical properties. Magnetic
needle interfacial stress rheometer211 and bi-cone geometry
attached to a conventional stress-controlled rheometer212 have
been used to measure the surface rheological properties. When
such an aggregated network of ellipsoids is subjected to shear
deformation, robust backbones (linear chains or triangles)
resist the applied deformation and impart viscoelasticity to the
particle monolayer. The rheological properties of the interface
containing a monolayer of particles conrm the higher elas-
ticity of the network formed by ellipsoidal particles, as the
surface elastic moduli is considerably larger than a monolayer
of spheres. As shown in Fig. 4(d), from the data reported to
date, for a given surface coverage, a monolayer of particles with
an aspect ratio greater than 2.8 always has a higher plateau
storage modulus compared to a monolayer containing
spheres.38 Shape anisotropic particles have been used to
emulsify a wide range of immiscible uid–uid mixtures as
summarized in Table 2. In all the studies reported in Table 2,
stable emulsions are formed when the particles are sufficiently
long (higher aspect ratio) without the presence of salt or
surfactant. In earlier studies with spherical particles, salts or
surfactants have been used to induce particle–particle aggre-
gation, thereby supplying rigidity to the particle monolayer.
Therefore, when spherical particles alone cannot stabilize
emulsions, emulsication is effected by the addition of salt201
or surfactant.198 When ellipsoids or rods are used instead, the
shape induced capillary attraction leads to the formation of
aggregated viscoelastic network around the curved water–oil
interface of the emulsion drops. Therefore coalescence, and
hence phase separation, is arrested, resulting in the formation
of kinetically stable Pickering–Ramsden emulsions. A bright
eld optical microscopy image of water drops stabilized by
polystyrene ellipsoids is shown in Fig. 4(e). The inset shows a
jammed close-packed monolayer of ellipsoids on the surface of
Fig. 4 (a) Interface deformation around an ellipsoid trapped at water–oil interface: the saddle-like interface deformation around an isolated ellipsoid visualized by a
combination of gel trapping technique239 and scanning electron microscopy.38 (b) Charged polystyrene ellipsoids at water–oil interface: deformation mediated capillary
attraction between ellipsoidal particles leads to predominantly linear chains.38 (c) Charged polystyrene ellipsoids at water–air interface: capillary attractions are further
enhanced leading to dense aggregates.38 (d) The plateau surface elastic modulus plotted as a function of surface coverage for different aspect ratio particles: the plot
illustrates the higher viscoelasticity of a monolayer formed by particles with a higher aspect ratio.38,40 (e) Water-in-oil emulsion stabilized by polystyrene ellipsoids: water
droplets stabilized by a dense monolayer of ellipsoids, as shown in inset.40 (f) Emulsion stabilized by long aspect ratio particles – evidence of bridging stabilization: SEM
image shows two oil drops stabilized by long and flexible cladophora cellulose nanocrystals (ClaCNs) particle and inter-connecting particle bridges.31 All images are
reprinted with permission.31,38,40
This journal is ª The Royal Society of Chemistry 2013 Soft Matter
Review Soft Matter
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This brings up the advantage of possible automation where
both !h and !r can be determined from the AFM scans by the
use of suitable software, averaging over a large number of
particles. The average value of the particle contact angle can
be calculated from the geometric relation:
y = arccos (!h/!r ! 1) (1)
Eqn (1) is valid for spherical particles in both configurations in
Fig. 1 and does not take the effect of the line tension into
account. It provid s a measure for the average intrinsic contact
angle of the particle sample. Taking the line tension effect into
account would require the measurement of the distributions of
the equatorial radii and h ights of protrusion f r a set of the
same particles. Then the values of the line tension and contact
angle corresponding to a flat surface of the same material
could be estimated by de-convoluting the two distributions
using the relationship between the line tension, the contact
angle, and the radius of the particle (see eqn (4) in ref. 13). This
involves the simultaneous fitting of the experimental data
for both distributions by using the line tension and the
equilibrium contact angle as adjustable parameters. We have
analysed the sets of data form the experiments carried out with
the carboxylic polystyrene latex particles for which we
obtained values for the line tension ranging from 10!12 N to
10!11 N. Such values for line tension are clearly negligible, and
having in mind the complexity of the fitting procedure, we
decided to use eqn (1) to describe our data. A simplified
approach based on a straightforward use of eqn (1) which
assumes that the line tension is zero gives values of the contact
angle which are practically the same.
Fig. 3 shows the way the height of a particle embedded in
the PDMS matrix is measured. The top part of the figure
shows the height profile over a cross-section through the AFM
height image shown at the bottom left corner. The inset at the
bottom right corner shows the 3D height projection image of
the same latex particle with an average radius of 120 nm
trapped in a PDMS replica of the n-decane–water interface.
The actual determination of the height of protrusion uses a
feature of the AFM software that allows a spatial averaging
over all possible cross-sections of the height profile of a
particl , which results in an increased accuracy of the height
determination.
In Table 1 the results from the measurements with the GTT
combined w th AFM are summarised. The indicated errors in
contact angle measurements are obtained from the spreads in
particle protrusion and particle size measurements using more
than 50 articles in each case.
The values of the contact angle at the air–water interface for
the white aldehyde/sulfate latex and the first two sizes of the
carboxylic polystyrene latexes are close to the value of the
contact angle for large polystyrene particles.10 The values of
the contact angles for the same particles at the n-decane–water
interface are higher, which is also observed previously for large
polystyrene particles.10 The contact angles for the carboxylic
latex particles with radii of 37 nm and 53 nm, practically
coincide, within the experimental error, which is to be expected
since they have very similar charge densities. This is one more
piece of evidence that neglecting the line tension effect for
carboxylic latex particles is justified, since the average particle
Fig. 1 Schematic representation of a spherical particle embedded
in PDMS. LHS image—contact angle smaller than 901, RHS
image—contact angle larger than 901.
Fig. 2 Schematic representation of the measurement procedure. LHS
image-nanoparticles deposited on a flat solid substrate (used to
estimate the average equatorial radius, !r). RHS image—same nano-
particles partially embedded in the PDMS matrix (used to determine
the average protrusion, !h). Combining the two datasets one can
estimate the average intrinsic three-phase contact angle y of the
particle sample.
Fig. 3 Atomic force microscope height scan of a PDMS replica of
carboxylic polystyrene latex at the air–water interface (ultra sharp
tapping mode tips). A cross-section across one latex particle is given.
The inset high resolution AFM image shows a carboxylic latex particle
with a radius of 120 nm partially embedded in the PDMS surface. By
measuring the average protrusion of the particles from the PDMS
surface one can calculate the nanoparticle three-phase contact angle at
the original n-decane–water interface.
330 | Phys. Chem. Chem. Phys., 2010, 12, 328–331 This journal is "c the Owner Societies 2010
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water/n-hexane interface is shown, where the shadow of individual 
particles can be measured at high magni!cation. "e smallest meas-
ure  particle h d a adius of 4.7 nm, which pushes the limits of sin-
gle-particle c ntact angle me sur ments down by almost wo orders 
of magnitude down. Figure 3f also shows the capability of the method 
to measure hydrophilic particles, namely 100 nm citrate gold NPs 
( ? ? ?  = 82.3° ? 8.0°) at the water/n-decane interface. Finally, Figure 
3g highlights the possibility of measuring variations in contact angle 
resulting from chemical or topological modi!cations to the particle 
surface within a particle batch. "e contact angles of 500 nm hydro-
phobic amidine latex colloids coated by 20 nm hydrophilic citrate 
gold NPs at the water/n-decane interface were measured, and, for a 
higher Au NP coverage, a reduction in the contact angle was found.
Accuracy of FreSCa cryo-SEM contact angle measurements. Our 
method yields unprecedented single-particle accuracy, allowing for 
characterization of individual particles that can disclose new aspects 
of micro- and nano-particle wetting. "e accuracy ?? in measur-
ing contact angles as a function of the measured quantities can be 
directly derived from equations (1) and (2) to yield 
?
? ?
? ? ?? ? ? ?
?1
1 1 2
2 2 2 2 2
(tan( ) / /cos( ))
(tan( ) / ) ( / / )
l r
l r l rl r
for hydrophobic particles and 
? ?
?
? ?? ?
? ? ?? ? ?? ?
sin( )
cos( )2 1
1
1
1
2
2 2 2
2l
k
kl
k
l
k
l k
l
k
for hydrophilic particles, where ?l, ?r, and ?k are the accuracies in 
the measured quantities l, r, and k (see Supplementary Note 2 for the 
(3)
(4)
full derivation). "e limiting factor in measuring accurately the par-
ticle dimensions and the shadow lengths in the SEM images is the 
ixel size relative to the object size. From sharp SEM images, we can 
easure f atures wit  ? 1 pixel accuracy (?l and ?k = 1 pixel, ?r = 0.5 
pixel because the particle diameter is actually measured). "is means 
that, regardless of the magni!cation used, particles with a diameter 
and a shadow length smaller than 3 pixels are discarded as being not 
resolvable; in practice, we never imaged particles with a radius and a 
shadow length below 5 pixels. From equations (3) and (4), it is appar-
ent that reducing the relative error in measuring l, r, and k increases 
the measurement accuracy. As ?l, ?r and ?k are !xed, a higher accu-
racy can be achieved by increasing the size of the measured features, 
that is, by working at higher magni!cation and/or using a higher 
image resolution. "e highest achieved image resolution was 0.7 nm 
per pixel (a#er 20 s dwell time per image averaging). Another option 
is to lower the shadowing angle; shallower-coating angles cast longer 
shadows, reducing the errors in measuring l and k. "ese results are 
more clearly presented in Figure 4. Figure 4a shows ?θ as a function 
of k for a !xed ratio k/l = 0.1 for ? = 30°, 45° and 60°; any other choice 
of k/l shows the same behaviour. It is evident from the graph that for 
the same values of the measured parameter ratio k/l (which deter-
mines the contact angle) larger values of k lead to higher accuracy. 
Additionally, ?θ is also reduced for lower ?. Similarly, when !xing 
the contact angle (that is, 110° in this case), we note again the same 
behaviour in terms ? and magnitude of the measured quantity r (see 
Fig. 4b). "e largest actual error in our measured data was 16.3° for 
a particle with contact angle 119.30° and radius 6.67 nm; the contact 
angles of all the other imaged particles were measured with signi!-
cantly higher accuracy. Table 1 reports the average error for each 
data set measured.
To explore further the e%ect of changing ?, we performed an 
experiment where 500 nm amidine latex particles frozen at the 
Figure 3 | Cryo-SEM imag s of di fer nt NPs at the liquid–liquid int rfac  after freeze-fracture. The hadow cast by the nanoparticles (NPs) on metal 
deposition is visible in the high-magnification images. (a) Low-magnification image of 200 nm amidine latex particles at the n-decane/water interface. Scale 
bar, 3 ?m. (b) 500 m amidine latex particles at th  n-decane/water interface. The key q antities necess ry to measure the contact angle ar  highlighted 
for one particle: particle diameter (green), projected height l (red + cyan) and shadow length k (cyan). Scale bar, 200 nm. (c) 200 nm amidine latex particles 
at the water/n-hexane interface. A further fracture line in the ice is visible. Scale bar, 300 nm. (d) Hollow prints left by 500 nm amidine latex particles in 
the frozen n-decane side of the interface. Scale bar, 2 ?m. (e) 20 nm amidine latex particles at the n-decane/water interface. Scale bar, 200 nm. (f) 100 nm 
hydrophilic citrate gold NP next to a 500 nm amidi e lat x NP at the water/n-decan  interface. Scale bar, 200 nm. (g) 500 nm amidine latex NPs ated by 
20 nm citrate gold NPs at the water/n-decane interf e. Higher surface cover ge of gold NPs renders the larger coll ids more hydrophilic. Scale bar, 300 nm.
From: Loudet, J. C.; Pouligny, B. How Do Mosquito 
Eggs Self-Assemble on the Water Surface? Eur. Phys. 
J. E 2011, 34, 76. and: Loudet, J. C.; Yodh, A. G.; 
ouligny, B. Wetting and Contact Lines of Micrometer-
Sized Ellipsoids. Phys. Rev. Lett. 2006, 97.)  
From: Isa, L.; L ca , F.; Wepf, R.; Reimhult, E. 
Measuring Single-Nanoparticle Wetting Properties 
by Freeze-Fracture Shadow-Casting Cryo-Scanning 
Electron Microscopy. Nat. Commun. 2011, 2, 438.  
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Nanoparticles (NPs) at !uid interfaces have an essential role in a vast and rapidly increasing range of novel materials and nanotechnology applications, including drug delivery1, 
uptake through biological membranes2, emulsion stabilization3 and 
the fabrication of nanocomposites4.
Investigations on the e"ect of solid particles at liquid interfaces 
date back to the seminal work on emulsions by Ramsden5 and Pick-
ering6, but, to date, understanding wetting at the nanoscale remains 
an open and challenging issue7,8, still unresolved for individual NPs. 
Considerable experimental and theoretical e"orts have been devoted 
to the study of micro- and nano-particle adsorption, assembly and 
dynamics at !uid interfaces9, which have signi#cant practical appli-
cations in the cosmetics, chemical, food and pharmaceutical indus-
tries. Liquid interfaces also o"er a particularly well-suited template 
for the self-assembly of two-dimensional materials from NPs with 
tailored surface properties4,10. NPs adsorb and bind at interfaces, but, 
at the same time, are able to move within the interface to explore 
the energy landscape determined by their interactions. Several spe-
ci#c interactions are present at the interface11 that are absent in the 
bulk and can be exploited to direct the assembly of structures 
unattainable in bulk12,13.
All the points put forth above are strongly dependent on one 
key parameter: the particle three-phase contact angle ?. $is 
directly determines the !otation height h of the particle relative 
to the interface, de#ning thus the structural, dynamical and ther-
modynamical properties of interfacial NP assemblies. For ? < ?/2 
(Fig. 1a), most of the particle is immersed in water and it is thus 
termed hydrophilic, conversely, for ? > ?/2 (Fig. 1b), the particle is 
hydrophobic. $e binding energy ?E of a solid particle of radius r at 
the interface between two !uids with interfacial tension ?0 can be writ-
ten as ?E =  − ?r2?0(1 − |cos ?|)2 (ref. 14), excluding line tension contri-
butions.15 Depending on particle size and wettability, adsorption can 
be more (?E ? kBT) or less (?E ? kBT) reversible, with consequences 
on the equilibrium structure of interfacial assemblies and the kinetics 
of their formation. Moreover, interparticle interactions, for example, 
capillary11, electrostatic16 and steric17, as well as the viscous drag coef-
#cient on a particle as it moves within the liquid interface18, strongly 
depend on the particle immersion in each phase, that is, on ?.
Unfortunately, the standard use of Young’s equation to obtain ? 
for nanoparticles (cos ? = (?2-?1)/?0, where ?1 and ?2 are the interfacial 
tensions between the liquid phases and the bulk NP material) o&en 
leads to large errors because of several factors that become relevant 
at the nanoscale; heterogeneity in surface roughness and chemistry 
have a signi#cant role, and corrections to Young’s equation stemming 
from line tension e"ects become increasingly more important11,15. 
$erefore, several routes have been devised to obtain ? for colloidal 
particles, either by direct visualization or by inferring it from meas-
urements of global interfacial quantities. $e latter typically relies on 
recording surface pressure/area isotherms in a Langmuir trough19,20 
or on measuring the monolayer height relative to the interface using 
ellipsometry21 or re!ectometry22. $ese techniques can in princi-
ple be used for small NPs, but only give an average value without 
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Figure 1 | Schematics of FreSCa cryo-SEM contact angle measurements. Representation of (a) a hydrophilic and (b) a hydrophobic nanoparticle of radius 
r at the ice interface after metal evaporation. The three-phase contact angle ?, the metal deposition angle ? and thickness ?, the height h of the particle 
relative to the interface, its projection l along the metal deposition direction and the length of the shadow k are highlighted. (c) Scheme of the sample 
preparation for FreSCa cryo-SEM imaging.
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•  Step 1: Making ellipsoids from spheres 
•  Step 2: Removing the matrix from the particles 
o  Dissolving the polymer film 
o  Washing particles by subsequent centrifugation steps 
Polystyrene (PS) 
sulfate latex  
 
Polymethylmeth-
acrylate (PMMA) 
 
!
PVA film 
PDMS
 film 
Particle preparation 
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Remark: Importance of proper cleaning 
!
!
single cleaning 
(3 subsequent  
centrifugation steps) 
double cleaning 
(3 subsequent centrifugation  
steps + heating step) single cleaning  
double cleaning 
Freeze-Fracture Shadow-Casting cryo-SEM 
12 
ARTICLE
??
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1441
NATURE COMMUNICATIONS | 2:438 | DOI: 10.1038/ncomms1441 | www.nature.com/naturecommunications
© 2011 Macmillan Publishers Limited. All rights reserved.
Nanoparticles (NPs) at !uid interfaces have an essential role in a vast and rapidly increasing range of novel materials and nanotechnology applications, including drug delivery1, 
uptake through biological membranes2, emulsion stabilization3 and 
the fabrication of nanocomposites4.
Investigations on the e"ect of solid particles at liquid interfaces 
date back to the seminal work on emulsions by Ramsden5 and Pick-
ering6, but, to date, understanding wetting at the nanoscale remains 
an open and challenging issue7,8, still unresolved for individual NPs. 
Considerable experimental and theoretical e"orts have been devoted 
to the study of micro- and nano-particle adsorption, assembly and 
dynamics at !uid interfaces9, which have signi#cant practical appli-
cations in the cosmetics, chemical, food and pharmaceutical indus-
tries. Liquid interfaces also o"er a particularly well-suited template 
for the self-assembly of two-dimensional materials from NPs with 
tailored surface properties4,10. NPs adsorb and bind at interfaces, but, 
at the same time, are able to move within the interface to explore 
the energy landscape determined by their interactions. Several spe-
ci#c interactions are present at the interface11 that are absent in the 
bulk and can be exploited to direct the assembly of structures 
unattainable in bulk12,13.
All the points put forth above are strongly dependent on one 
key parameter: the particle three-phase contact angle ?. $is 
directly determines the !otation height h of the particle relative 
to the interface, de#ning thus the structural, dynamical and ther-
modynamical properties of interfacial NP assemblies. For ? < ?/2 
(Fig. 1a), most of the particle is immersed in water and it is thus 
termed hydrophilic, conversely, for ? > ?/2 (Fig. 1b), the particle is 
hydrophobic. $e binding energy ?E of a solid particle of radius r at 
the interface between two !uids with interfacial tension ?0 can be writ-
ten as ?E =  − ?r2?0(1 − |cos ?|)2 (ref. 14), excluding line tension contri-
butions.15 Depending on particle size and wettability, adsorption can 
be more (?E ? kBT) or less (?E ? kBT) reversible, with consequences 
on the equilibrium structure of interfacial assemblies and the kinetics 
of their formation. Moreover, interparticle interactions, for example, 
capillary11, electrostatic16 and steric17, as well as the viscous drag coef-
#cient on a particle as it moves within the liquid interface18, strongly 
depend on the particle immersion in each phase, that is, on ?.
Unfortunately, the standard use of Young’s equation to obtain ? 
for nanoparticles (cos ? = (?2-?1)/?0, where ?1 and ?2 are the interfacial 
tensions between the liquid phases and the bulk NP material) o&en 
leads to large errors because of several factors that become relevant 
at the nanoscale; heterogeneity in surface roughness and chemistry 
have a signi#cant role, and corrections to Young’s equation stemming 
from line tension e"ects become increasingly more important11,15. 
$erefore, several routes have been devised to obtain ? for colloidal 
particles, either by direct visualization or by inferring it from meas-
urements of global interfacial quantities. $e latter typically relies on 
recording surface pressure/area isotherms in a Langmuir trough19,20 
or on measuring the monolayer height relative to the interface using 
ellipsometry21 or re!ectometry22. $ese techniques can in princi-
ple be used for small NPs, but only give an average value without 
Tungsten evaporation Tungsten evaporation
Ice
Aqueous particle suspension Nonpolar phase Jet-freezing Fracture
Fractured interfaces
Metal evaporation and shadowing
Ice
?
?
?
?
?
?
r
r
l
l
h h
k
k
a
c
b
Figure 1 | Schematics of FreSCa cryo-SEM contact angle measurements. Representation of (a) a hydrophilic and (b) a hydrophobic nanoparticle of radius 
r at the ice interface after metal evaporation. The three-phase contact angle ?, the metal deposition angle ? and thickness ?, the height h of the particle 
relative to the interface, its projection l along the metal deposition direction and the length of the shadow k are highlighted. (c) Scheme of the sample 
preparation for FreSCa cryo-SEM imaging.
Scheme from: Isa, L.; Lucas, F.; Wepf, R.; Reimhult, E. Measuring Single-
Nanoparticle We ting Pr per ies by Freeze-Fracture Shadow-Casting Cryo-
Scanning Electron Microscopy. Nat. Comm. 2011, 2, 438. 
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Determining particle contact angle θ  
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Part 1: Basic measuring principle 
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Measurements happen in the plane of this cross-section 
along the direction in which the shadow has been cast. 
Determining the contact angle θ 
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Part 2: Three different cases to consider 
1) Hydrophobic particles (θ ≥ 90°): 
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2) Hydrophilic particles  
    with a shadow (θ ≥ α): 
! !
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Actual particle dimensions 
(length and width) are not 
directly measureable. 
 
A first guess comes from an 
elliptic fit around the profile. 
This angle is then corrected 
by iteration. 
PS 
Determining the contact angle θ 
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3) Hydrophilic particles  
    without a shadow (θ ≤ α): ! !"#$%&'($!()*+,-*'.,$!
/!01(! 23!
4!
5!*’ 
6!
7!* 8 
No information from 
shadows. 
 
Dimensions are esti-
mated using average 
dimensions from SEM 
measurements 
PS-PVA 
III. Results 
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Visualization of the contact line 
18 200 nm 
1 µm 
Interface deformation clearly 
visible:  
 
à  dip at tips and rise at sides 
 
à  in accordance with previous 
observations 
Disadvantages of FreSCa technique: 
-  Hard to quantify local interface 
deformation 
-  Contact line not visible when 
particle is hydrophobic (θ > 90°) 
Measuring contact angle θ 
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shadows) and thus where contact angles of individual particles
can be accurately measured, without any assumption on the
particle size. For very hydrophilic particles, for which average
dimensions are assumed, the initial size distribution also has an
impact on the contact angle measurement accuracy. A good
initial sample monodispersity, uniform stretching, and homoge-
neous PVA removal are vital, the latter only being important for
the PS particles. The importance of uniform stretching is
especially visible in the case of the ungrafted PMMA ellipsoids
that show a bidisperse contact angle distribution with one peak
around 95° and the other around 125°. The median being
different from the average is already an indication of a non-
Gaussian distribution. Although, when both peaks are
separated, their distributions are narrow, hinting toward two
different particle populations after stretching. The present data
confirm the earlier observation for spherical particles10 that
wetting at the microscale is a heterogeneous process with
particle-to-particle variations stemming from surface hetero-
geneity.37,38 As recently proposed, surface heterogeneities can
also cause contact line pinning and slow aging of measured
contact angles over long time scales. In particular, previous
work by Kaz et al.11 demonstrated that particles adsorb to a
fluid interface in two steps: there is first an initial “snap-in”,
where the particle breaches the interface, followed by a
logarithmic relaxation, where the contact angle slowly increases.
In our experiments, we take “a snapshot” of the interface by
vitrification, and therefore for the samples vitrified after
approximately 10 s, some of the spread in the contact angles
may be coming from observing particles at different stages of
the adsorption process. In order to test this hypothesis, we have
waited 60 min before vitrifying the interface in a second series
of measurements. From the data reported in Table 2, we
observe that the spread in the contact angles is slightly reduced
but that it remains significant. Conversely, we also observe a
marked difference in the average values of the contact angles,
which have significantly increased after an hour equilibration.
Effect of Particle Shape and Dimension on the Three-
Phase Contact Angle. Earlier studies performed by Isa et al.10
showed that contact angles can decrease when lowering the size
of particles with nominally identical surface chemistry to sizes
as small as 100 nm in radius. The same behavior is observed in
Table 2 when comparing the wetting of the fluorescent spheres,
with a contact angle decrease from 85° to 67° for 1 μm and 200
nm diameter particles, respectively.
The PS double-cleaned particles additionally allow for a
systematic study of the contact angle when varying the AR and
the equilibration time, without strongly altering other proper-
ties. Figure 6 contains some FreSCa cryo-SEM images of these
particles. For the first three rows, the left column displays
electron micrographs taken after immediate vitrification,
whereas the images in the right column refer to a waiting
time of 60 min between creating and vitrifying the interface.
When comparing the two image series, it is evident that the
particles on the right have a higher contact angle, i.e., cast a
longer shadow. The quantification of this observation is
summarized in Figure 7, which reports the contact angles of
the PS ellipsoidal particles as a function of contact line length.
The data indeed confirm that the average contact angle
increases significantly with equilibration time, in agreement
with the findings of Kaz et al.11 for spheres. Second, although
the effect is convoluted by the aforementioned broad
distribution, the measured contact angles decrease with the
contact line length for both short and longer equilibration
times, showing that more prolate ellipsoidal particles are on
average more hydrophilic.42 The fact that the decreasing trend
is observed irrespective of the equilibration time indicates that
it cannot be solely due to differences in the adsorption kinetics.
Moreover, the logarithmic nature of the contact angle
relaxation reported by Kaz et al.11 implies that the largest
contact angle change takes place close to interface formation.
Figure 5. Distributions of contact angles for PS ellipsoids at the
water−decane interface (immediately frozen) with aspect ratio
between 4 and 5 (red) and between 3 and 4 (green), respectively.
Particles from different batches but with AR falling in the ranges above
have been grouped. The width of the bars (5°) indicates the accuracy
of the individual measurement, which is significantly smaller than the
width of the distributions.
Table 2. Three-Phase Contact Angles of PS Ellipsoids
Batches at a Water−Decane Interface (at Different
Equilibration Times teq) and of PMMA Ellipsoids at a
Water−cis-Decalin Interface with Different Particle Surface
Chemistries and Aspect Ratios Ranging from 1 to 7.4a
surface
chemistryb
spherical
sizec [μm] AR
teq
[min] θav [deg]
θmed
[deg]
PS orig 0.7 1.0 0 97 ± 9 101
PS dc 0.7 1.0 0 73 ± 9 76
60 97 ± 7 97
PS dc 0.7 3.6 ± 0.5 0 78 ± 13 77
60 85 ± 7 87
PS dc 0.7 4.3 ± 0.5 0 70 ± 12 68
60 81 ± 11 81
PS dc 0.7 4.8 ± 0.4 0 66 ± 12 63
60 91 ± 9 93
PS dc 0.7 5.7 ± 0.6 0 71 ± 12 70
PS dc 0.7 7.4 ± 0.9 0 62 ± 10 62
60 80 ± 9 80
PS fluo 0.2 1.0 0 67 ± 4 68
PS fluo 1.0 1.0 0 85 ± 7 84
PS−PVA fluo 1.0 4.0 ± 0.2 0 32 ± 3 33
PMMA 1.2 2.4 ± 0.2 0 103 ± 15 97
PMMA−PHSA 3.0 5.1 ± 0.5 0 113 ± 7 110
aThe spherical diameter of the ellipsoids refers to the diameter of the
original sphere before stretching. (θav = average contact angle; θmed =
median of the contact angle distribution). At least 30 particles are
measured for each sample. bAbbreviations: orig = original beads from
company without any treatment; dc = double cleaned; fluo =
fluorescent; PS−PVA = single-cleaned PS with a smooth PVA layer.
cThe diameter of the unstretched sphere.
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à Contact angle distributions: ± 7 – 13° 
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(scale bar: 1 µm) 
AR = 1 
AR = 4.3 ± 0.5  
AR = 3.6 ± 0.5  
AR = 7.4 ± 0.9 
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θ = 97 ± 7°        θ = 73 ± 9° 
(*) Kaz, D. M.; McGorty, R.; Mani, 
M.; Brenner, M. P.; Manoharan, V. 
N. Physical Ageing of the Contact 
Line on Colloidal Particles at Liquid 
Interfaces. Nat. Mater. 2011. 
A clear trend is observed with 
aspect ratio (or L).  
A linear approximation seems 
sufficient for accurate estimations. 
à  Aging effect: contact 
angle increases in time 
à  Recent studies(*) 
revealed that the contact 
line ages logarithmically.  
Linear approximation: 
 
 
 θ0 : contact angle unstretched sphere 
 k : slope of the linear approximation 
Origin of the shape effect 
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cos! ! cos!0 + kL
à  Simplified version of the general Y-L 
equation 
 
cos! = cos!0 1!
"
R#12 sin!
"
#
$
%
&
'
!1
(general Y-L for spheres)(*) 
 
(*) For ellipsoids this is derived by: Faraudo, J.; Bresme, F. Stability of Particles Adsorbed at Liquid/
Fluid Interfaces: Shape Effects Induced by Line Tension. J. Chem. Phys. 2003, 118, 6518–6528. 
kL ~ ! 'L
"#R2 ! k ~
! '
"#R2
! ! ' ~ 10"9#
à  k represents ratio of line to surface contributions 
à  introduction of an effective line tension τ ’ combining 
all effects from surface heterogeneities and actual 
line tension 
à  positive value for τ ’	  can be qualitatively understood 
as a drive towards more hydrophilic behavior 
R : particle radius 
γ12 : interfacial tension 
τ : line tension 
 
IV. Conclusions 
•  FreSCa is able to measure particle contact angles with a   
2 - 4° accuracy range, for all possible wetting situations 
•  The particle contact angle gradually decreases towards 
more hydrophilic behavior if the aspect ratio is increased 
•  This shape effect can be explained by introducing an 
effective line tension term, which combines surface and 
line contributions, into a linear approximation of the Young-
Laplace equation 
23 
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